WHAT'S KNOWN ON THIS SUBJECT: Obesity is associated with cardiometabolic risk factors and chronic conditions, such as type 2 diabetes. However, a proportion of overweight and obese youth remain free from cardiometabolic risk factors and are considered metabolically healthy.
Obesity is associated with a clustering of cardiometabolic risk factors, including hypertension, insulin resistance, inflammation, and dyslipidemia. 1 However, cardiometabolic risk factor clustering is not an obligatory consequence of obesity. In fact, 18% to 44% of obese individuals are free from cardiometabolic risk factors. 2, 3 The absence of cardiometabolic risk factor clustering in obese individuals is associated with lower measures of adiposity, including lower total fat mass, 4 abdominal obesity, 5, 6 visceral fat mass, 3, 7, 8 and the absence of ectopic lipid accumulation. 9 Surprisingly, little attention has been paid to the modifiable factors as determinants of this "Metabolically Healthy Overweight" (MHO) phenotype. 10, 11 This is particularly important, as the identification of modifiable behaviors associated with the MHO phenotype could provide information to guide interventions aimed at preventing obesity-related chronic disease among overweight youth.
Cardiorespiratory fitness is a modifiable factor that is protective against overweight status and visceral obesity in youth. 12 However, the importance of cardiorespiratory fitness as a protective determinant of metabolic risk factor clustering in youth is controversial. 10, 13 Some studies suggest that high cardiorespiratory fitness confers significant protection from cardiometabolic risk factor clustering in youth (odds ratio [OR] 0.01, 95% confidence interval [CI] 0.00-0.07). 14, 15 Other studies suggest that the association between fitness and cardiometabolic risk factor clustering is confounded by differences in adiposity levels. [16] [17] [18] To the best of our knowledge, no study has been designed specifically to delineate the individual contribution of cardiorespiratory fitness and adiposity as risk factors for the MHO phenotype among youth.
In light of these issues, we designed a series of observational matching studies to dissect the independent contribution of cardiorespiratory fitness and adiposity to the MHO phenotype among overweight and obese youth. Our primary working hypothesis was that high cardiorespiratory fitness would be associated with an increased likelihood of MHO after controlling for adiposity. Our secondary hypothesis was that a lower level of hepatic steatosis would mediate the association between cardiorespiratory fitness and the MHO phenotype.
METHODS

Study Design and Participants
We recruited 210 youth, 13 to 18 years old, through public advertisements for a series of studies in our laboratory. Sixteen youth were excluded from the analysis because they were not overweight (BMI percentile ,85th), according to the International Obesity Task Force, 19 and 4 were excluded because they were $19 years of age. Eighty-two participants were also excluded from the analysis as they (1) had missing data for cardiometabolic risk factors (n = 63) and therefore could not be categorized for the primary outcome (MHO), (2) did not provide a valid cardiorespiratory fitness test (ie, respiratory exchange ratio , 1.1) (n = 9), or (3) had impaired fasting glucose or were diagnosed with type 2 diabetes after screening (n = 10). Participants excluded from the analyses had similar characteristics to those who remained in the analysis, including the proportion of girls (58.7% vs 56.4%), mean age (15.4 6 1.7 vs 15.2 6 1.5 years), and mean BMI z-score (2.0 6 0.4 vs 2.1 6 0.5). All 108 remaining participants and parents provided written informed consent and assent. The study was approved by the University of Manitoba Biomedical Research Ethics Board and performed according to the Declaration of Helsinki.
Exclusion criteria included a diagnosis of type 2 diabetes, treatment with antipsychotics or corticosteroids, orthopedic injury or illness preventing participation in the exercise test, and enrollment in a weight loss program within the previous 6 months. A standard 2-hour 75-g oral glucose tolerance test was used to screen for type 2 diabetes.
Primary Outcome Variable
MHO
There are several definitions for classifying an individual as MHO, including "normal" insulin sensitivity, "low" insulin resistance (measured by homeostatic model assessment), and the absence of any cardiometabolic risk factors. 8 To facilitate comparisons with other studies, we classified youth as MHO if they did not present a clinically relevant elevation in any of the following cardiometabolic risk factors: serum triglycerides, glucose, systolic and diastolic blood pressure, hepatic triglyceride content, or an abnormally low high-density lipoprotein (HDL)-cholesterol. The age-and gender-specific cut-points used for the MHO classification have been published elsewhere 20 and can be found in Supplemental Table 5 .
We also included a definition of the metabolic syndrome as an ancillary outcome. Metabolic syndrome was defined according to the age-and genderspecific cut-points for the following risk factors: serum triglycerides, HDL cholesterol, fasting glucose, systolic or diastolic blood pressure, and hepatic triglyceride content ($5.5% fat/water). The cut-points used to define metabolic syndrome (Supplemental Table 5 ) are established in the literature and represent the cut-points used in adults. [20] [21] [22] We replaced waist circumference with hepatic triglyceride content for 2 reasons: (1) 81.5% of youth in this cohort presented with a waist circumference above age and gender-specific thresholds for the metabolic syndrome, 20 and (2) we have previously shown that hepatic steatosis is a robust predictor of metabolic syndrome and type 2 diabetes in youth. 21 Overweight youth with a combination of at least 3 of the criteria mentioned were classified as having metabolic syndrome.
Cardiometabolic risk factors were measured at the same time point after a 10-hour overnight fast: serum glucose, triglycerides, HDL cholesterol, alanine aminotransferase (ALT), and aspartate aminotransferase (AST). Plasma glucose was measured on a Roche Modular P analyzer with an UV test principle (hexokinase method), and serum HDL cholesterol, triglycerides, ALT, and AST were measured on a Roche Modular Panalyzer. Resting systolic and diastolic blood pressure were measured in triplicate in a sitting position by using a Dinamap automatic machine (Laval QC.; Dinamap, Critikon, Tampa, FL), as recommended by the National Committee on Preventive, Detection, Evaluation, and Treatment of High Blood Pressure. 23 The mean of the 3 different measures was used in the analysis.
Primary Exposure Variables
Cardiorespiratory Fitness
A graded maximal cycle ergometer test to exhaustion with indirect calorimetry (Parvomedics True One; Parvo Medics, Sandy, UT) was used to determine peak oxygen uptake. 24 Initial workload was set to 30 W and increased by 30 W every 2 minutes. Once the subject achieved a respiratory exchange ratio of .1.0, the workload was increased every minute until exhaustion. Heart rate was continuously recorded, and blood pressure and rating of perceived exertion were assessed at 2-minute intervals as previously described. 25 Peak oxygen uptake was calculated as an average of oxygen consumption over the final minute of the exercise test. Cardiorespiratory fitness was quantified as VO 2 peak relative to body weight and kilogram of fat-free mass, as correcting for fat-free mass is a more appropriate method for standardizing oxygen uptake when comparing individuals with different levels of adiposity. 26 
Body Composition and Body Fat Distribution
To facilitate comparisons with other studies, we relied on BMI z-score to stratify youth for matched comparison. Body weight was measured to the nearest 0.1 kg on a calibrated scale. Height was obtained with a standard stadiometer (Healthometer, Inc, Bridgeview, IL). Absolute BMI (kg/m 2 ) was converted to a BMI z-score using nationally representative age-and genderspecific normative data. 19 Dual-energy x-ray absorptiometry (Hologic, Bedford, MA) was performed to quantify percent body fat, total fat mass, and fat-free mass. Visceral fat mass was quantified from a high-resolution magnetic resonance image acquired between the third and fifth lumbar vertebrae as previously described 27, 28 using Slicer3 software (version 3.2.1; Boston, MA).
Magnetic resonance imaging and spectroscopy were performed by using a 1.5-Tesla whole-body magnet (GE Medical Systems, Milwaukee, WI), as previously described. 28, 29 High-resolution images of the liver were obtained in 3 planes by using standard clinical techniques, and a voxel was placed in an area devoid of subcutaneous or visceral fat for the acquisition of proton spectra. A total of 64 spectra were averaged for the determination of intracellular water and lipid content. LC Model software (version 6.2-0 S.W. Provencher) 30 was used to isolate and quantify lipid and water peaks. Hepatic steatosis was defined as hepatic triglyceride content greater than or equal to 5.5% fat/water. Previous populationbased studies show that 5.5% fat/water approximates the 95th percentile for healthy normoglycemic adults and is equivalent to biopsy-derived lipid concentration of 5.5 mg/g. 22 Finally, waist circumference was measured with a flexible measuring tape to the nearest 0.5 cm at the highest point of the iliac crest at end expiration. All the anthropometric measures were measured in duplicate and the mean of the 2 measures was used in the final analysis.
Physical activity was assessed by using segmented pedometry over a period of 7 days. 25 Participants recorded the total daily number of steps.
Statistical Analysis
Data are presented as mean 6 SD. Data were tested for normality with a Kolmogorov-Smirnov test and abnormally distributed variables were log transformed. Independent t tests were used to test for differences in cardiometabolic risk factors and primary exposure variables between MHO and non-MHO youth. Pearson correlations were initially performed to test for associations among fitness, adiposity, and cardiometabolic risk factors. Significant bivariate associations were repeated with multiple linear and logistic regression analyses adjusting for age, gender, race/ethnicity, visceral fat mass, and cardiorespiratory fitness.
Finally, we performed a series of reciprocal matching studies to determine the independent association between cardiometabolic risk factors and both cardiorespiratory fitness and adiposity. The first comparison matched participants for cardiorespiratory fitness (61 mL/kg per minute) after stratifying by BMI z-score (61.0 z-score). The second study matched for BMI z-score (60.5 z-score) in a subsample of youth stratified according to cardiorespiratory fitness (65 mL/kg per minute). We chose BMI z-score instead of percent body fat, as BMI z-score facilitates comparisons across age and gender, and similar scores are not currently available for percent body fat. Nonparametric analyses were performed to compare non-normally distributed cardiometabolic risk factors between matched groups. Data management and statistical analyses were performed by using SAS version 9.1 (SAS Institute, Cary, NC). P # .05 was considered statistically significant.
RESULTS
Participant Characteristics
Of the 108 overweight and obese youth (mean age 15.2 6 1.5 years) studied, 56.4% (61/102) were white and 67.6% (73/108) were girls. On average, each participant displayed 1.4 6 1.1 of the clinically elevated cardiometabolic risk factors and had a VO 2 peak of 26.0 6 5.0 mL/kg per minute. Nearly 25% (n = 27/108) of overweight and obese youth did not have a single cardiometabolic risk factor, and therefore were classified as MHO. Among those with at least 1 risk factor, 43.2% (n = 35/81) had 1 risk factor, 33.3% (27/81) had 2 risk factors, and 23.4% (19/81) had $3 risk factors and met criteria for the metabolic syndrome. Compared with youth with at least 1 metabolic risk factor, youth classified as MHO displayed a lower BMI (P = .01), BMI z-score (P = .02), and waist circumference (P = .04) ( Table 1) . No significant differences in body weight (MHO: 85.4 6 14.5 kg versus non-MHO: 91.0 6 16.8 kg; P = .39), percent body fat (MHO: 36.4 6 6.0 versus non-MHO: 38.6 6 5.8%; P = .09), or total fat mass (MHO: 31.5 6 8.1 versus non-MHO: 35.5 6 10.3 kg; P = .09) were observed between the groups.
Compared with those with at least 1 cardiometabolic risk factor, MHO youth displayed lower serum triglycerides (P = .001), higher HDL cholesterol (P = .001), lower systolic blood pressure (P = .007), and lower hepatic triglyceride content (P = .001) (Table 2). Physical activity and cardiorespiratory fitness were not significantly different between MHO and youth with at least 1 cardiometabolic risk factor (P . .05).
Matched Comparisons
When matched for cardiorespiratory fitness (25.9 6 4.4 vs 25.7 6 4.6 mL/kg per minute), but stratified by BMI zscore (1.6 6 0.3 vs 2.4 6 0.2), the prevalence of MHO was fourfold lower (Fig 1) and the prevalence of metabolic syndrome was fourfold higher in youth with a higher BMI z-score. In contrast, when stratified by cardiorespiratory fitness (21.3 6 2.8 vs 31.5 6 3.6 mL/kg per minute), rates of MHO (30% vs 30%, P = 1.00) and metabolic syndrome (23% vs 17%, P = .52) were not different between overweight youth matched for BMI z-score (1.9 6 0.3 vs 1.9 6 0.4), despite a 10-mL/kg per minute difference in cardiorespiratory fitness. When stratified according the BMI z-score, differences in metabolic syndrome were driven largely by differences in systolic blood pressure and hepatic steatosis (Table 3) .
Regression Analyses
Bivariate analyses revealed that cardiorespiratory fitness was negatively associated with several measures of adiposity, including body weight, BMI z-score, waist circumference, percent body fat, and total fat mass (P , .01). Cardiorespiratory fitness was significantly associated with ALT, AST, and gender, race/ethnicity, and visceral fat mass (Table 4) . This association disappeared after adjusting for BMI z-score. Moreover, cardiorespiratory fitness was not associated with the metabolic syndrome (P . .05).
DISCUSSION
The series of matched comparisons performed in this study provide important insight into the determinants of cardiometabolic risk factor clustering among overweight and obese youth. They also expand on the controversy of "fitness versus fatness" [31] [32] [33] presented in previous pediatric studies. 24, 25 First, we found that a significant proportion (∼25%) of overweight and obese youth did not present a single cardiometabolic risk factor, despite high adiposity levels (BMI z-score ranging from 1.02 to 2.87). Second, we found that hepatic triglyceride content, BMI z-score, and waist circumference are the dominant predictors of cardiometabolic risk factor clustering in overweight youth. Third, after adjusting for measures of adiposity, we found that cardiorespiratory fitness was not associated with the presence of MHO or metabolic syndrome components among overweight and obese youth. Collectively, these data suggest that risk factors other than cardiorespiratory fitness are driving the increased cardiometabolic risk factor clustering observed among overweight and obese youth.
The risk of metabolic syndrome increases 1.6-fold for every 0.5 increment in BMI z-score in children and adolescents. 34 The limited studies performed in cohorts of exclusively overweight and obese youth suggest that ectopic fat and body fat distribution also contribute to the variance in cardiometabolic risk factor clustering. 35, 36 Studies of cardiometabolic risk factor clustering in overweight and obese youth frequently fail to include measures of modifiable lifestyle factors in their study design. 35, 36 Therefore, it remained unclear if differences in either physical activity or fitness contribute to the MHO phenotype. The data presented here support the concept that BMI z-score and hepatic lipid content are critical determinants of the MHO phenotype in overweight and obese youth. Furthermore, the lack of an association
FIGURE 1
Proportion of MHO and obese youth and metabolic syndrome matched for cardiorespiratory fitness but different BMI z-score. MetS, metabolic syndrome; BMI-z, BMI z-score; CRF, cardiorespiratory fitness. between MHO and cardiorespiratory fitness, despite a very large difference between groups, suggests that any association between fitness and risk factor clustering among overweight and obese youth is likely mediated through differences in BMI and/or hepatic triglyceride content.
The lack of an association between cardiorespiratory fitness and the MHO phenotype contradicts other studies of overweight youth. 14, 37 These studies demonstrated that youth with high cardiorespiratory fitness were more likely to be insulin sensitive and less likely to present with the metabolic syndrome. These observations were made without adjusting for key confounding variables, in particular age and adiposity. 4, 14 In fact, when differences in adiposity are controlled for, differences in fitness between MHO youth and peers with metabolic syndrome often disappear. 16 Using a reciprocal matching approach, we were able to demonstrate that any positive association between cardiorespiratory fitness and the MHO phenotype is mediated by differences in adiposity and hepatic steatosis. Furthermore, in a multivariate logistic regression analysis, the most significant predictors of the MHO phenotype were measures of adiposity. Collectively, these data reinforce the importance of adiposity and hepatic lipid content as predictors of the MHO phenotype.
To the best of our knowledge, this is the most comprehensive study to compare various measures of adiposity as predictors of the MHO phenotype in overweight and obese youth. Although some studies have documented a dominant role of hepatic steatosis, 38 others have suggested that visceral fat is a more important predictor of MHO. 39 We have previously demonstrated that in overweight and obese youth, hepatic steatosis is a better predictor of metabolic syndrome and glucose tolerance than visceral fat mass. 21 The data presented here suggest that the absence of hepatic lipid content and a low BMI In conclusion, among overweight and obese youth, high cardiorespiratory fitness is not associated with being "metabolically healthy." In contrast, a lower BMI z-score and lower hepatic triglyceride content decrease the likelihood of presenting with cardiometabolic risk factor clustering. Future studies are needed to pinpoint thresholds of BMI z-score or hepatic triglyceride content that are associated with an increased likelihood of progression from the metabolically healthy phenotype to the presence of cardiometabolic risk factor clustering.
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